Among MEMS devices, the most common type of failure is stiction. Stiction is the unintended adhesion between two surfaces when they are in close proximity to each other. Various studies have been conducted in recent years to study stiction. Our research group has shown the in-service repair of the stiction failed MEMS devices is possible with structural vibrations. In order to further understand this phenomenon and better predict, theoretically, the onset of repair we have constructed an apparatus to determine the Mode I, II, and III interfacial adhesion energies of MEMS devices failed on a substrate. Recently we have developed a nonlinear model to measure the Mode I interfacial adhesion energies accurately. Using the same experimental apparatus we used earlier to determine the Mode I interfacial adhesion energies, we measure the Mode II interfacial adhesion energies. The proposed experimental method for measuring the Mode II interfacial adhesion energies for stiction failed MEMS devices uses a microcantilever beam (1500 μm long, 10 μm wide, and 2.6 μm thick) attached to MEMS actuator with fixed-fixed beam flexure. Deflection of the spring is measured with a vernier scale of the actuator. Then a nonlinear elastic model of the fixed -fixed beam flexure is used to determine the interfacial adhesion energy between the failed microcantilever beam and the surface. In this work, we report our initial results for the interfacial energies from Mode II type failures. A critical strain energy release rate, for Mode II, is found to be 549 µJ .
INTRODUCTION
MEMS continue to be an emerging technology that has attracted a huge interest among the engineering community. MEMS integrate mechanical elements, sensors, and electronics on a common silicon substrate using the tools of the integrated circuit industry. The great advantage of MEMS technology is the parallel processing that can occur for mass production of devices.
One of the key issues associated with manufacturing of MEMS is stiction failure. The phenomenon of two surfaces adhering together is termed 'stiction'. Due to the presence of long compliant microstructures these devices tend to have high surface area to volume ratios [1] by which they are susceptible to adhesion. During the fabrication of MEMS devices, presence of capillary forces can cause the microstructures to adhere with their substrate [2] . The various factors that account to stiction are capillary forces [2] van der Waals forces [3] , [4] , electrostatic, chemical forces [4] , humidity [5] etc.
Various studies have been conducted in recent years to study stiction. Many of the investigators used MEMS structures to study the stiction phenomenon. Mastrangelo and Hsu [6] , [7] ,and [8] proposed simple methods for calculating the adhesion energy associated with the shortest beam that is stiction-failed. By expanding on this approach, a fracture mechanics model was developed by de Boer and Michalske [9] to calculate the adhesion energy. They used crack length as the main parameter to calculate the adhesion energy. Jones et al. [10] examined the adhesion of microcantilevers subjected to mechanical point loading by developing appropriate models and the experiments. Leseman et al. [11] developed a new technique for accurately measuring the adhesion energy of stiction failed microcantilevers using a cantilever beam peel test. Hurst et al. [12] similarly developed a new method to determine adhesion energy of cantilever beams using the beam height experimental data. All the previous studies are been performed to calculate Mode I strain energy release rates.
In order to further understand this phenomenon and better predict, theoretically, the onset of repair we have constructed an apparatus to determine the Mode I, II, and III interfacial adhesion energies of MEMS devices failed on a substrate. Recently we developed a nonlinear model to measure the Mode I interfacial adhesion energies accurately [13] and [14] . Using the same experimental apparatus we used earlier to determine the Mode I interfacial adhesion energies, we measure the Mode II interfacial adhesion energies.
THEORY
For execution of the Mode II experiments we make use of actuators to which we have attached microcantilever beams. The component that governs the motion of the actuator is stiffness of the flexural spring. Here we present the theory of actuators and equations of the flexure springs.
There are various types of flexure springs that are used in MEMS actuators. Some of the most commonly used flexure springs are fixed-fixed flexure, crab-leg flexure, folded flexure and serpentine flexure. The MEMS actuator used in these experiments uses a fixed-fixed flexure because of its relatively high stiffness when compared with other flexures.
The theory for the fixed-fixed flexure is as follows. Using linear approximations the simplest theory can be derived between the force and displacement, this is given in Equation 1: 1 where k is the stiffness and δ is the displacement. When a load F is applied at the center of the fixed-fixed beam then the Equation 1 becomes (2) where δ is the deflection at the center of the beam, E is the elastic modulus, I is the second moment of inertia, and L is the length of the beam. An example of a fixed-fixed flexure, design is shown in Figure 1 . Reference [15] gives the derivation for the behavior of the fixed-fixed beams when a load F is applied at the center of the beam and deflection, δ, can be obtained by solving the following simultaneous equations:
where S is the axial force, A is the cross-sectional area, and L is the length of the beam. By solving the above equations and by curve fitting we have a force equation developed based on the dimensions of the beams used in the actuator device. The theoretical force versus displacement curve drawn for a fixedfixed flexure is shown in Figure 3 . Equations 3-5 are quite complex, yet they produce a relationship that can be readily fit using a linear and a cubic term. Specifically, F = ax + bx 3 where a and b are constants obtained from fitting. Using this form for fitting Figure 3 and the like can be typically fit with R 2 values better than 0.99. The fixed-fixed flexure applies the force to a microcantilever beam that has been attached to the shuttle of the fixed-fixed flexure. The force is transmitted through the microcantilever beam to a substrate on which the microcantilever beam is stiction failed. The microcantilever therefore acts like as a tensile member when transmitting the load. Loading of the stiction failed cantilever beam is shown in Figure 4 . Note that the microcantilever beam is attached after fabrication of the fixed-fixed flexure and its shuttle. When the 'crack' between the cantilever and substrate is formed a new surface is created. The new surface has a length s and width w. These dimensions are multiplied to give the area of the new surface and then multiplying that area by the critical strain energy release rate yields the energy released to making the new surface. Equating this energy to Equation 6 yields:
where t is the thickness of the cantilever. Thus, the strain energy release rates from Mode II type failures at the time of crack initiation can be obtained by using the Equation (7).
EXPERIMENTAL SETUP
The experimental setup is capable of measuring the Mode I, Mode II and Mode III interfacial adhesion energies of MEMS devices failed on the substrate. We have constructed an apparatus that has 8 degrees-of-freedom (DOF) between the MEMS device, the surface on which the device is failed, and a scanning interferometric microscope. The construction of apparatus consists of a base plate on which a Piezo XYZ stage is mounted vertically with the support of linear stage. The piezotranslator stage (3 DOF) has motion in x, y and z directions. It moves 200 μm distances each in x and y directions and a 20 μm in z-direction, each with sub-nm positioning capabilities. The linear stage attached to the piezotranslator stage is used for the coarse positioning of the stage. As the size of a piezotranslator stage is large such that it does not fit under the scanning interferometric microscope used, a T-bar is machined and fixed to the piezotranslator stage such that it fits under the interferometric microscope and give sufficient rigidity such that vibrations do not affect the experiment. Two linear stages (2 DOF) are stacked and fixed to the base plate, on which a pair of goniometers (2 DOF 
device, the surface on which the device is failed, and a scanning interferometric microscope. For more details on this apparatus see Reference [13] .
EXPERIMENTAL PROCEDURE
The
In these experiments we used microcantilever beams fabricated at Sandia National Laboratories using the SUMMiT V TM process which is to be 'welded' to MEMS actuator using a focused ion beam (FIB) with a gas injection system (GIS). The Sandia SUMMiT V Process uses a specific set of fabrication processes to make MEMS devices by surface micromachining [16] .
Structural layers are polysilicon deposited by LPCVD. The sacrificial material is SiO 2 , also deposited by LPCVD. Other parts of the process sequence include plasma etches (RIE) for small parts of the devices and a wet etch for certain parts. The final release step is a wet etch using HF acid. Sandia Ultra-planar Multi-level MEMS Technology (SUMMiT V) uses 5 levels of poly Si and sacrificial oxide layers & 14 photolithography steps. At the end, it has 1 ground plane and 1 electrical layer with 4 mechanical layers. This process is capable of making devices up to 12 µm high with large stiffness and robustness. The SUMMiT V process sequence is described in Reference [17] .
A set of exemplary microcantilever beams is shown in Figure 6 . Beams are to be attached to the MEMS device using a FIB system as described in the subsequent section. These beams are to be failed on an independent substrate and a tensile force along the longitudinal axis of the beam will be applied causing a sliding failure of the beam. Note that this method is general and other surfaces could be attached to the MEMS actuator that applies the force. However, several researchers, including the present authors, have used SUMMiT V beams previously for Mode I failures and thus this Mode II was desired to be able to correlate with previous data. 
MEMS Actuator Fabrication
The fabrication process followed to make the MEMS actuator is detailed out in references [18] , [19] , the following is brief discussion of the process. A Silicon on Insulator (SOI) wafer whose device layer was 20 μm, buried oxide (BOX) 1 μm and the handle layer was 600 μm thick was utilized. The device layer and handle layer are p-type doped with boron and all crystal orientations were (100). A single mask process was used to transfer the pattern of actuator into a photoresist layer. The device layer was then etched to the BOX layer by deep reactive ion etching (DRIE) of Si, using the Bosch Process. This process creates high aspect ratio structures by etching nearly vertically down from the edge of the PR layer. Next, the PR layer is removed using acetone, isopropyl alcohol, and deionized (DI) water rinses respectively. Finally, oxygen (O 2 ) plasma is used to remove any small remaining amount of PR on the Si surface. Finally, the actuator is released by etching the BOX layer in HF bath and then rinsed in DI water. Once the etching is done, the device is placed on the hot plate for a few minutes in order to evaporate any remaining water. Once the device is tested and found to be moving freely then it is taken to the FIB machine to weld the microcantilever beam to the device. The fabricated actuator device is shown in Figure  7 . The procedure for welding the microcantilever beam to the MEMS actuator device is described presently. 
Experimental Device preparation
To prepare an experimental device to carryout Mode II experiments we use Quanta 3D FEG, which integrates a Scanning Electron Microscope (SEM) and Focused Ion Beam (FIB). An Omniprobe and gas injection system (GIS) are utilized in order to transfer the microcantilevered beam fabricated in the SUMMiT process to the MEMS actuator that was custom fabricated, per the previous section. An image of the Omniprobe attached to the microcantilever is shown in Figure 8 . Microcantilevers are 'welded' onto the MEMS actuator using Pt metal straps as seen in Figure 9 . The MEMS actuator with SUMMiT V microcantilever welded to it are shown in Figure 10 . The right hand side of the cantilever is has no substrate underneath it. This end will be stiction failed on a substrate and then the MEMS actuator's die is to be indexed back using a piezo-stage to applied forces to the interface between the microcantilever beam and substrate. 
EXPERIMENTAL CONCEPT FOR MODE II
Experiments are performed under the scanning interferometric microscope which can measure the displacement profiles of stiction failed MEMS with 200 nanometer resolution. The microcantilever beam, previously attached to MEMS actuator, is aligned parallel to the interferometric microscope using the tilt of the microscopic head. The polysilicon substrate is then aligned parallel to the microcantilever beam attached to MEMS actuator using two goniometers as shown in Figure 11 . At this point the substrate that the microcantilever is to stiction failed onto and the microcantilever beam itself are parallel to one another. The microcantilever is the placed such that it overlaps 50 μm of the substrate as is shown in Figure 12 . The free length of the beam, not welded or stiction failed, is 693 μm. Once the alignment is made the experimental setup is not disturbed. Only the piezo actuator, which is controlled by an electronics, is moved. Next the microcantilever beam lowered to within 2-3 µm of the substrate then a drop of liquid DI water was then placed on the substrate, which wicked into the gap between the microcantilever beam and the substrate. As the water drop dries, capillary forces pull the microcantilever beam into contact with the substrate over a considerable length of the microcantilever beam attached to MEMS actuator. After the water has dried, the microcantilever beam is lowered with the help of piezo stage such that the microcantilever beam stiction failed on the substrate is entirely in-line with the rest of the stiction failed the MEMS actuator is pulled in the ydirection in 250 nm increments using the piezotranslator stage. The spring displacement from the vernier scale of the actuator is noted along with the piezo displacement. Thus knowing the stiffness and the spring displacement, the force applied to the microcantilever is calculated. This force is used to obtain the force of static friction and the strain energy release rate for Mode II.
RESULTS
From the experiments the spring displacement from the vernier scale of the actuator is noted as 750 nm at which the cantilever beam failed on substrate is released. Curve fitting is performed on Figure 3 and force equation obtained is F = 80.41x + 2.688x 3 with R 2 value of 1. Thus by knowing the stiffness and the spring displacement, maximum force applied to a microcantilever before the cantilever slipped is calculated as 61.44 µN. Note that the entire 50 μm length of the microcantilever that was stiction failed on the substrate slipped during this initial experiment. Thus, by using this force we obtained the force of static friction for this microcantilever, see Figure 13 . Referring to Figure 13 , the maximum force recorded before the microcantilever beam slipped is the static friction. A value for the kinetic friction cannot be surmised from this experiment because the microcantilever returned to its zero position and did not stop at an intermediate position. We propose that the kinetic frictional force is not seen because there is no enough time to form secondary bonds once the cantilever beam starts sliding. (In Figure 13 , force applied is equivalent to the frictional force.)
The maximum force applied to the cantilever is used in Equation (7) to calculate the strain energy release rate for Mode II. Note that the entire 50 μm of the beam releases upon application of the maximum force and thus the critical strain energy release rate calculated here is for the value of initiation of a crack in Mode II. Additionally, because the crack grows through the entire length of the beam, it is uncertain where the crack will arrest. Clearly, it would continue to grow had there been a longer beam. Thus the following result is the upper bound for the critical strain energy release rate of Mode II failure. Using E = 170 GPa, we report that 549 µJ for this experiment. This value agrees with our recent experiments that included mixed mode (Mode I and II) effects [14] .
CONCLUSION
This paper presents a method to determine the Mode II interfacial adhesion energies. It is important to note that for the first time we developed an experimental method with which we can measure the interfacial energies from Mode II type failures. Hence, interfacial energies from Mode II type failures are reported. As mentioned earlier, the experimental 
Displacement (nm)
Slip occurred between cantilever beam and substrate apparatus we developed is capable of measuring the Mode III strain energy release rates also.
